Zanthoxylum piperitum (Rutaceae) is used as a spice and a natural medicine in Japan. Our study found that ZP-CT-A, a polymeric proanthocyanidin purified from the fruit of this species, noticeably decreased the minimum inhibitory concentrations of -lactam antibiotics for methicillin-resistant Staphylococcus aureus (MRSA). The structure of ZP-CT-A was characterized on the basis of 13 C NMR and size exclusion chromatographic data and the results of thiolytic degradation. A mechanistic study of the effects of ZP-CT-A indicated that it suppressed the activity of -lactamase and largely decreased the stability of the bacterial cell membrane of MRSA, as shown by a reduction in the tolerance of MRSA to low osmotic pressure and high ionic strength solutions.
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Methicillin-resistant Staphylococcus aureus (MRSA), which can acquire multidrug resistance, is one of the most important hospital and community pathogens in Japan. Development of new anti-MRSA agents is therefore urgently needed. A recent investigation found that some polyphenolic compounds isolated from tea and some medicinal plants are effective against MRSA. [1] [2] [3] [4] [5] [6] [7] [8] We found that not only plant phenolics, but also a polyphenolic compound produced from a natural polyphenol, showed a potent inhibitory effect on the antibiotic resistance of MRSA: 9) Theasinensin A, an oxidation product from (À)-epigallocatechin gallate (EGCG), formed upon incubation under very mild conditions and lowered the minimum inhibitory concentration (MIC) values of oxacillin and several other antibiotics against MRSA.
Fruit peels and leaves of Zanthoxylum piperitum (Rutaceae) have been used in Japan for centuries as spices to preserve foods. Previously we reported the isolation and structures of unsaturated fatty acid amides. 10) Our present investigation led to the purification of polyphenols, including a polymeric proanthocyanidin from the fruit peels of this plant. We found that the polymeric proanthocyanidin has potent suppressive effects on the antibiotic resistance of MRSA. This paper deals with the structural characterization of the proanthocyanidin and the suppressive effects on MRSA.
Materials and Methods

General.
13 C NMR spectra were measured on a Varian VXR-500 instrument ( Materials. Erythromycin was purchased from Nacalai (Tokyo). The other antibiotics used in the experiments (oxacillin, penicillin G, ampicillin, cefmetazole, streptomycin, kanamycin, gentamicin, tobramycin, amikacin, tetracycline, fosfomycin, and norfloxacin) were purchased from Sigma (St. Louis, MO). 1-Dodecanethiol was purchased from Nacalai. (À)-Epicatechin and (þ)-catechin were purchased from Sigma. Procyanidin B2, procyanidin C1, and cinnamtannin A2 were isolated from cacao (Theobroma cacao).
11)
Bacterial strains and growth conditions. Methicillinsensitive S. aureus (MSSA) 209P and four clinical isolates of methicillin-resistant strains of S. aureus (MRSA), OM481, OM505, OM584, and OM623, were generously supplied by the Department of Microbiology of Okayama University Medical School. Strain PC1 of S. aureus, a mutant derived from 524SC, was kindly provided by Dr. K. G. H. Dyke (Department of Biochemistry, Oxford University). This strain produceslactamase constitutively. 12) The strains used in this study were all grown in a cation-supplemented Mueller-Hinton broth (CSMHB; Difco Laboratories, Detroit, MI) containing CaCl 2 (50 mg/l) and MgCl 2 (25 mg/l) at 32 C under aerobic conditions.
Purification of polyphenolic constituents of the fruits of Zanthoxylum piperitum. Dried fruits of Z. piperitum were purchased from Tochimoto-tenkai-do (Osaka, Japan; specimen no. 290799), and the seeds were removed from the fruits as described previously. 10) Methanol extract (50 g) from the fruit peel of Z. piperitum (440 g) was subjected to column chromatography on Diaion HP-20 with H 2 O-MeOH (0%! 20%!40%!60%!80%!100% MeOH). The eluate with 40% MeOH (6.0 g) was separated by column chromatography on Toyopearl HW-40C (70% EtOH! 70% Me 2 CO) to give fractions I-VIII. Fraction II (320.5 mg), containing 3-O-caffeoylquinic acid 13 Size exclusion chromatography of ZP-CT-A. 17) Highperformance size exclusion chromatography (HP-SEC) was performed on a TSK gel SuperAW3000 column (6.0 mm I.D. Â 150 mm; Tosoh) with N,N-dimethylformamide (DMF), containing 0.5% (v/v) of 3 M HCOONH 4 as the mobile phase at 40 C. Samples were dissolved in DMF and applied to the column through a Rheodyne 7125 injector. The flow rate was maintained at 0.5 ml/min and the elution was monitored at 280 nm. (À)-Epicatechin (4) [retention time (t R ) 5.02 min], procyanidin B2 (6) (t R 4.78 min), procyanidin C1 (11) (t R 4.56 min), and cinnamtannin A2 (12) (t R 4.36 min) were used as standards for molecular size estimation. The M n and M w values of ZP-CT-A were calculated from the SEC profile.
Degradation of ZP-CT-A with acetic acid in the presence of 1-dodecanethiol. 18 ) A mixture of ZP-CT-A (1 mg), 1-dodecanethiol (5 ml), and acetic acid (12.5 ml) in EtOH (125 ml) was heated in a sealed vial at 100 C for 6 h. The reaction products were analyzed by HPLC with the following gradient profile: 0-20 min, 100% A, 20- The column temperature was set at 40 C in an oven, and the flow rate was maintained at 1.0 ml/min. Elution was monitored at 280 nm. The HPLC profile indicated the presence of the following compounds in the reaction mixture: (+)-catechin (3) (t R 7.3 min), (À)-epicatechin (4) (t R 13.4 min), catechin-4-dodecylsulfide (13) (t R 53.8 min), and epicatechin-4-dodecylsulfide (14) (t R 54.3 min). The molar ratios of the products were estimated based on the peak area relative to that of (+)-catechin.
A preparative scale experiment was also performed using 50 mg of ZP-CT-A, and the reaction mixture was subjected to column chromatography on a Sephadex LH-20 (Sephadex, Columbia, MD) [CHCl 3 -EtOH (1:1)!EtOH], and the products were further purified by preparative HPLC on a YMC A324 column to give catechin-4-dodecylsulfide (13) (1.0 mg) and epicatechin-4-dodecylsulfide (14) (7.8 mg).
Catechin-4-dodecylsulfide (13) MIC determination. Minimum inhibitory concentrations (MICs) were determined by a liquid microdilution method. ZP-CT-A was dissolved in EtOH, and the solution was serially diluted in CSMHB. The resulting solutions were dispensed into 96-well microplates. The final concentration of EtOH was in the range of 5 to 0.002%, and the concentrations did not affect bacterial growth. Overnight cultures of the bacterial strains at 32 C in CSMHB were diluted with 0.85% NaCl, and the bacteria (about 10 4 colony forming units [CFU]/well on the 96-well microplates) were incubated at 32 C for 24 h. MICs of the compounds were defined as the lowest concentrations at which the bacterial culture lacked turbidity after incubation.
Effect of ZP-CT-A on the bacterial growth of MRSA. An overnight culture of S. aureus OM584 was diluted 1,000-fold with CSMHB containing oxacillin, ZP-CT-A, or both. The culture solutions were incubated at 32 C, and were taken after 3, 6, 9, 12, 15, and 24 h of incubation. The solution was diluted with 0.85% NaCl and plated onto the nutrient agar at 32 C. The colonies that formed after 24 h of incubation were counted and expressed as CFU/ml.
Estimation of the inhibitory effect of ZP-CT-A onlactamase activity in S. aureus PC 1. The activity oflactamase was measured using nitrocefin (Oxoid, Basingstoke, UK) as a substrate. Cells of S. aureus strain PC1 were grown in CSMHB in the absence or presence of ZP-CT-A until the absorbance at 650 nm reached 0.7. The culture was diluted in 0.5 M NaH 2 PO 4 -Na 2 HPO 4 buffer (pH 7.0), which contained 0.75 mM hydroxyquinoline to inhibit other enzyme activities, and was incubated at 37 C for 5 min. The reaction was started by adding nitrocefin to the assay mixture (final concentration of nitrocefin, 50 mg/ml) at 37 C. The increase in absorbance (ÁOD) at 482 nm was monitored for 5 min.
-Lactamase activity was calculated using the following formula: Enzyme activity = y/ (y = ÁOD 482 /min, = enzyme unit/mg) 19) Inhibition (%) by ZP-CT-A was calculated based on the enzyme activity in the presence of ZP-CT-A relative to that in its absence.
Effects of ZP-CT-A on the tolerance of MRSA under conditions of high ionic strength and low osmotic pressure. An overnight culture of S. aureus OM584 strain was incubated in 5% NaCl in the presence/ absence of ZP-CT-A to assess the tolerance of bacteria to high ionic strength at 32 C for 24 h. The bacterial strain was also incubated in water in the presence/ absence of ZP-CT-A to assess the tolerance to low osmotic pressure at 32 C for 24 h. After 0, 4, 8, 12, and 24 h of incubation, the culture solutions were diluted and plated onto the nutrient agar at 32 C. The colonies formed after 24 h of incubation were counted and expressed as CFU/ml.
Results
Purification of polyphenolic compounds from Z. piperitum fruits and structure of ZP-CT-A
The MeOH extract of the fruits of Z. piperitum was subjected to column chromatography on a Diaion HP-20 and then on a Toyopearl HW-40C. The fractions were further purified by column chromatography on MCI gel CHP-20P and YMC gel ODS AQ 120-S50, as well as preparative HPLC, to yield compounds 1-9 and also a polymeric proanthocyanidin, ZP-CT-A (10). Procyanidin B2 (6) Procyanidin B4 (7) Hyperin (8) Quercitrin (9) The structure of ZP-CT-A was characterized on the basis of 13 C NMR and SEC data and the results of thiolytic degradation, as follows. The 13 C NMR data (described in ''Materials and Methods'') were similar to those of the procyanidin polymers composed of (+)-catechin and/or (À)-epicatechin, which were reported previously. 20) The molecular weight distribution of the polymeric procyanidins in ZP-CT-A was estimated by high performance SEC without derivatization of the polymer.
17) The elution profile of ZP-CT-A on SEC indicated that the M n and M w values were 5:0 Â 10 3 and 6:4 Â 10 3 respectively. The M n value corresponds to that of the 17mer of the procyanidin. The constituent monomers were further investigated by acid-catalyzed degradation of ZP-CT-A in the presence of 1-dodecanethiol. The major products were identified as sulfides 13 and 14, which were derived from the extension (upper) units, and HPLC analysis indicated that the molar ratio was 1:5.1. The presence of (+)-catechin (3) and (À)-epicatechin (4) in the reaction mixture was also detected by HPLC analysis. Thus the structure of ZP-CT-A was that shown in Scheme 1, in which the extension units in ZP-CT-A were mainly composed of (À)-epicatechin, and the terminal unit was composed of (+)-catechin and (À)-epicatechin [(+)-catechin:(À)-epicatechin = 1:0.8].
Effects of ZP-CT-A on the MIC values of various antibiotics against MRSA strains
We examined the antibacterial activity of the polyphenols against the MRSA strains. Although compounds 1-9 did not show potent antibacterial activity against the four strains of MRSA (MICs > 128 mg/ml), the polymeric procyanidin, ZP-CT-A, showed antibacterial activity against MRSA, with an MIC value of 128 mg/ ml (Table 1 ). In contrast, the fractions mainly composed of alkyl amides 10) did not show antibacterial effects (data not shown). We then examined the effects of ZP-CT-A on the MICs of various antibiotics using a broth microdilution method. ZP-CT-A showed a noticeable reduction in the MICs of -lactams such as oxacillin and penicillin G against MRSA at a concentration of 1/2 to 1/4 of the MIC of ZP-CT-A ( Table 1 ). The addition of ZP-CT-A markedly reduced the MIC values of oxacillin for the MRSA strains, by 64-to 512-fold or more, while the MICs of oxacillin in the absence of ZP-CT-A were 64-512 mg/ml. Similarly, the MIC value of penicillin G against MRSA was also reduced by 16-to 512-fold or more in the presence of ZP-CT-A relative to those in the absence of ZP-CT-A. Analogous effects were also observed in the cases of ampicillin and cefmetazole.
The cooperative effects of ZP-CT-A with several other types of antibiotics were also examined, but ZP-CT-A did not reduce the MIC value of streptomycin, an aminoglycoside, against MRSA, whereas theasinensin A, an EGCG dimer, did.
9) The MICs of the other aminoglycoside antibiotics (kanamycin, gentamicin, tobramycin, and amikacin) and other types of antibiotics (tetracycline, erythromycin, fosfomycin, and norfloxacin) were not affected by the addition of ZP-CT-A.
Cooperative effects of ZP-CT-A and oxacillin on the growth profile of MRSA
We further investigated the effect of the combination of ZP-CT-A and oxacillin against the growth of MRSA in terms of the viability of the bacterial cells. The results are shown in Fig. 1 , where the number of viable bacterial cells is expressed as log 10 values.
The bacterial growth shown by the changes in the viable cell numbers in the presence of oxacillin alone (5 mg/ml) or ZP-CT-A alone (48 mg/ml) was analogous to the control (in the absence of oxacillin and ZP-CT-A). When both oxacillin (5 mg/ml) and ZP-CT-A (48 mg/ml) were added, viable cells decreased noticeably. After a 9-h incubation, the amount of MRSA in the presence of both oxacillin (5 mg/ml) and ZP-CT-A (48 mg/ml) was about 1/1,000 of that in their absence. Suppression of the bacterial level was observed during 6-12 h of incubation. However, the cells then increased again, and the combination of the antibiotic and the polyphenol did not suppress bacterial growth after 24 h of incubation. It is likely that an oxidative change in the polyphenol after longer incubation, and/or polyphenol binding to the culture constituents, especially proteins, weakens the suppressive effect.
Effects of ZP-CT-A on -lactamase activity Since the mechanisms concerning the inhibition oflactam 21, 22) and the disruption of the cell membrane [23] [24] [25] [26] [27] were thought to be included in the effect of natural substances on the antibiotic-resistant bacteria, we examined those effects of ZP-CT-A. First, we examined the effect on -lactamase activity using strain PC1, which produces -lactamase constitutively, but not PBP 2a.
Lactamase activity was estimated in the absence and The activity of -lactamase was measured using nitrocefin as a substrate. Cells of strain PC1 that constitutively produce -lactamase were grown in CSMHB in the absence (control) or presence of 8, 16, 32, or 48 mg/ml ZP-CT-A in CSMHB until the late exponential phase of growth. Results are expressed as the mean and standard error of eight independent cultures. presence of ZP-CT-A, using nitrocefin as the substrate. The results are shown in Fig. 2 . ZP-CT-A inhibitedlactamase activity in a concentration-dependent manner: the addition of 8, 16, 32, or 48 mg/ml of ZP-CT-A caused 21-61% inhibition relative to that in the absence of ZP-CT-A. In contrast, the -lactamase inhibitor lithium clavulate (8 mg/ml) inhibited -lactamase activity completely (data not shown). Therefore, the inhibitory effects on -lactamase contribute at least in part to the suppressive effects on antibiotic-resistance.
Effects of ZP-CT-A on the tolerance of MRSA for high ionic strength and low osmotic pressure
Next we investigated the effect of ZP-CT-A on the tolerance of MRSA for low osmotic pressure and a high concentration of NaCl. The results are shown in Fig. 3 . Figure 3A shows the changes in the number of viable bacterial cells in treatments with and without ZP-CT-A in water. In the absence of ZP-CT-A, bacteria were tolerant to low osmotic pressure, and the number of viable bacterial cells did not change over 24 h of incubation. In the presence of ZP-CT-A (48, 64 mg/ml), the number of viable bacterial cells decreased to between 1/10 and 1/100 after 24 h of incubation as compared to that in the absence of ZP-CT-A.
Bacteria were also incubated in 5% NaCl in the absence or presence of ZP-CT-A under conditions of high osmotic pressure. The results are shown in Fig. 3B . The number of viable bacteria treated with ZP-CT-A (48, 64 mg/ml) decreased to about 1/100 after 4 h of incubation as compared to that in the absence of ZP-CT-A. ZP-CT-A (48, 64 mg/ml) killed MRSA entirely after a 24-h incubation. These results indicate that ZP-CT-A largely reduced the tolerance of MRSA to low osmotic pressure and high ionic strength, which is attributable to damage to the MRSA cell membrane.
Discussion
In this study, we purified ZP-CT-A, a polymeric proanthocyanidin, from an extract of the fruit peels of Z. piperitum, and found that it had suppressive effects on the antibiotic resistance of MRSA. A structural investigation showed that this proanthocyanidin was composed mainly of epicatechin in the extension units, and that the mean polymerization degree was 17. The terminal unit was composed of both epicatechin and catechin. ZP-CT-A markedly decreased the MIC value of oxacillin, to 1/512 or less against MRSA, as compared to that in the absence of ZP-CT-A. The combination of oxacillin and ZP-CT-A noticeably decreased the amount of viable cells of MRSA.
Since proanthocyanidins are contained in large amounts in various foods such as grapes, apples, hops, and cacao, [28] [29] [30] [31] [32] this finding suggests that many plant resources can be utilized in developing anti-MRSA drugs. However, structural variation in proanthocyanidins in hydroxylation patterns, the location of the interflavanyl linkages, stereochemistry, and the degree of polymerization, depending on the source plants, suggests that further analysis of the structural relationships to the effects of the proanthocyanidins against MRSA is needed.
ZP-CT-A also showed suppressive effects on the resistance of MRSA to the other -lactams such as penicillin G, ampicillin, and cefmetazole. In contrast, ZP-CT-A did not show suppression of resistance to aminoglycoside antibiotics (streptomycin, kanamycin, gentamicin, tobramycin, or amikacin) or other types of antibiotics such as tetracycline, erythromycin, fosfomycin, and norfloxacin, while theasinensin A was effective in reducing the MIC values of streptomycin. 9) Our study shows that the inhibitory effects onlactamase and on the stability of the bacterial membrane are also associated with the mechanism of the effects of ZP-CT-A. ZP-CT-A markedly decreased the activity of -lactamase in S. aureus strain PC1 at a sub-MIC concentration. It also decreased viable cells at sub-MIC concentrations both in low and high osmotic pressure environments, indicating that ZP-CT-A caused instability of the cell membrane of MRSA. 23) Since polymeric proanthocyanidin belongs to polyphenols from a structural viewpoint, the inhibitory effects on PBP 2a in the synthesis of the bacterial cell wall was thought to be included in the mechanisms of the suppressive effects on antibiotic resistance, as reported for hydrolyzable tannins such as corilagin and tellimagrandin I. 6) Therefore, the effects of ZP-CT-A on MRSA are probably attributable to a combination of several mechanisms. The presence of differences in the effect of ZP-CT-A on non--lactam antibiotics against MRSA from those of the other type of polyphenols, as observed for theasinensin A, requires further study of the correlation between their structural factors and mechanisms.
